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Abstract: The crystallographic orientation of structural ele-
ments in skeletons of representatives of Carboniferous
Syringoporicae (Auloporida) has been analysed by scanning
electron microscopy (SEM), petrographic microscopy and
electron backscatter diffraction (EBSD) on specimens from
the Iberian Peninsula. The skeletons of the tabulate corals of
the Syringoporicae consist of biogenic calcite crystals, and
their microstructure is composed of lamellae, fibres and
granules, or of a combination of these. Independent of the
microstructure, the c-axis is oriented towards the lumen,
quasi-perpendicular to the growth direction of the skeleton
(perpendicular to the morphological axis lamellae, parallel to
fibres). Most phaceloid taxa have a turbostratic distribution,
as a biogenic response to prevent the cleavage of crystals.
Cerioid and some phaceloid corals, whose microstructure is
conditioned by wall elements, do not exhibit turbostratic dis-
tribution. Wall elements are determined by the biology of
each taxon. Holacanth septal spines are composed of fibres
arranged in a cone-shape structure, sometimes clamped to
the external part of the corallite and show a complex crystal-
lography. Monacanth septal spines are spindle shaped and
composed of bundles of fibres. Tabulae are composed of
lamellae. Their development and crystallographic orientation
depends on the position of the epithelium in each case.
Shared walls are formed by a combination of the walls of
two independent corallites with a median lamina, composed
of granules; these have a crystallographic orientation between
that of the two corallites. The growth of the microstructure
is derived by a coordinated stepping mode of growth, similar
to other groups of organisms such as molluscs and sclerac-
tinians. The nucleation and formation of packages of co-
oriented microcrystals suggest a growth mode similar to
mineral bridges with a competitive growth mode between
each crystal. The growth pattern of corallites suggests that
the growth direction is divided into two main components:
a horizontal growth direction towards the lumen and a verti-
cal direction towards the top.
Key words: Auloporida, calcite, microstructure, tabulae,
septal spines, EBSD.
CALCAREOUS skeletons and shells are important in the
development and evolution of numerous organisms because
they provide and have provided support and protection
throughout the Phanerozoic. Crystalline elements that make
up these skeletons are composed of subunits, at micro- and
nanoscales, resulting in a hierarchical structure. Each
microstructure is formed by one or more multiple elements
that keep the proportions, orientations and relationships
for optimal biological function. Numerous studies of Recent
and fossil corals have demonstrated the value of analysing
the microstructure in investigations related to palaeon-
tology, phylogeny, geochemistry and material sciences
(Sandberg 1975; Semenoff-Tian-Chansky 1984; Sorauf
1984; Rodrıguez 1989; Fedorowski 2001, 2010).
Interest in the microstructure of Palaeozoic corals was
initiated in the nineteenth century with classical studies
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by Ogilvie (1895) and Struve (1898), and it has remained
until the present day. Our knowledge of different
microstructures in Palaeozoic corals has improved since the
development of ultrathin sections (UTS) by Lafuste (1970).
Three principal morphologies were recognized in micro-
structural elements of Tabulata, Rugosa, and Heterocoral-
lia: fibres, lamellae sensu lato, and granules (Lafuste 1970;
Semenoff-Tian-Chansky 1974). Different authors have
considered microstructure as an important taxonomic
character (Lafuste 1970, 1978, 1981, 1983; Lafuste and
Plusquellec 1985; Rodrıguez 1989; Falces 1997), although
comparison with Recent corals has generated an important
controversy on this topic. There are three schools of
thought regarding the value and interpretation of analysing
microstructures in Palaeozoic corals, based on whether or
not they are biogenic in nature, as follows: (1) most micro-
structures have a biogenic origin (Lafuste and Plusquellec
1985; Rodrıguez 1989; Falces 1997); (2) only the fibro-nor-
mal and trabecular structures have a biogenic origin (Kato
1963; Sorauf 1971, 1978, 1983); and (3) all the recognized
structures are products of diagenesis, on the basis that Pal-
aeozoic corals developed an aragonitic mineralogy, as in the
Recent Scleractinia (Oekentorp 1984, 2001). Recent studies
have demonstrated that the presence of primary skeletal
structures can be determined in Cenozoic and Mesozoic
coral Scleractinia (Stolarski and Mazur 2005; Stolarski et al.
2007). Following this principle, Coronado et al. (2013)
have shown the original micro- and nanostructures in a
study of the skeleton of Multithecopora hontoriense, a mem-
ber of the Syringoporicae from the Carboniferous of Spain.
At the present time, biomineralization studies of Recent
and fossil organisms are focused on the crystallographic
orientations of the biomineral microstructures because
they provide information about the relationships between
diverse elements, the processes of growth, and the architec-
tural responses that lead to ecophenotypical variation
(Cusack and Williams 2001; Lee et al. 2007; Checa et al.
2009; Perez-Huerta et al. 2011; Cusack et al. 2013; Moreno-
Azanza et al. 2013), as well as to the effects of diagenesis
(Perez-Huerta et al. 2007, 2012; Cusack et al. 2008; Dal-
beck et al. 2011). For this crystallographic analysis, tech-
niques of X-ray texture and electron backscatter diffraction
(EBSD) are commonly used. X-ray texture (XRD-2D) pro-
vides information about the crystallographic orientations,
mineralogy and crystallinity (Checa and Rodríguez-Navarro
2005; Rodrıguez-Navarro 2006; Checa et al. 2007). EBSD
can also provide additional data about crystal sizes, pres-
ence of crystallographic domains and dissolution/recrystal-
lization processes, and it has been applied in mineralogy
and palaeontology with significant results (Checa et al.
2006; Perez-Huerta and Cusack, 2008; Balthasar et al.
2011; Grellet-Tinner et al. 2011; Torney et al. 2014).
Knowledge of the crystallographic information of skele-
tal structures in Palaeozoic corals is very limited (Fischer
and Lafuste 1972; Coronado et al. 2013). The aim of this
study was to analyse preferred crystallographic orienta-
tions among different microstructural elements in selected
taxa, highlighting the processes of growth and the devel-
opment of wall elements. Four genera of Syringoporicae
(Tabulata, Carboniferous), Multithecopora, Syringopora,
Romeripora and Sinopora, have been studied by high-
resolution EBSD, in addition to a comparison with
structural data obtained from the analysis of ultrathin
sections and scanning electron microscopy (SEM).
SYRINGOPORICAE
The Syringoporicae Fromentel, 1861, comprise taxa that
represent marine, colonial sessile organisms that ranged
from the Early Ordovician to the Permian and belong to
the Order Auloporida (Sokolov, 1947); they are character-
ized by distinctive morphological features (for more
details see Tchudinova 1986; Coronado and Rodrıguez
2014). The morphology of the colony depends on the
mode of budding and the form and degree of arrange-
ment of the polyps (Tchudinova 1986). The shape of the
colony is a manifestation of the biological characters of
this group of corals and corresponds also to an ecophe-
notypical expression. The form of the colony in the
superfamily Syringoporicae is fasciculate. The skeletal
structure of the colony is variable, most commonly being
phaceloid and dendroid, with well-developed connecting
structures in the form of tubules or laminae as repre-
sented in the main families: Syringoporidae, Multitheco-
poridae, Tetraporellidae and Sinoporidae (the latter
included here in this superfamily because its representa-
tives have closest morphological similarities with Multith-
ecoporidae). The massive fruticose type of corallum,
cerioid or pseudocerioid is a variety of the fasciculate type
and is less common. It is characterized by a dense, com-
pact arrangement of corallites; the space between coral-
lites is small, or almost nonexistent, as seen in
Roemeripora and Neomultithecopora. Cateniform colonies
are even less common; the corallites are arranged in a ser-
ies of chains, as can be seen in Enigmalites, Neosyringo-
pora and rarely in Syringopora. Fasciculate coralla are
characterized by cylindrical corallites with a round cross
section, although in some cases they can be cylindropris-
matic or pseudopolygonal in cross section. The main
characters used in taxonomy have been the distance
between corallites, the diameter of the corallite (d), the
diameter of the lumen (l), the wall thickness (w) and
their corresponding proportions (Fig. 1).
The corallite wall is composed of different layers that
form the thecal tissue or microstructure and several mor-
phological wall elements, notably septal elements and
tabulae (Fig. 1). Septal elements (septal spines or spinules)
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are very abundant in the Syringoporicae and may have
been of great importance in their biological development,
although it is unclear what the function of these elements
was in the living coral. Septal spines could have served as
attachment points to the wall for the polyp and may have
aided the retraction of the polyp into the calyx during an
increase in water turbidity or energy. Two morphologies of
septal spines have been described: subtriangular and acicu-
lar (Tchudinova 1986), with the latter projecting further
into the lumen. Three types of septal spines have been
described on the basis of their microstructure: monacanths,
rhabdacanths and holacanths (see Hill 1981 for more
details). Tchudinova (1986) described in detail the different
types of spinules and their presence in different genera of
the Syringoporicae. Tabulae are horizontal elements of the
skeleton that extend across the lumen of the corallites.
They are attached to the walls of the corallite and serve as a
support when the polyp moves upward as the skeletal
structure grows. There are several types of tabulae
described in Syringoporicae: horizontal, curved (concave,
convex, or both) and infundibuliform, with an axial canal
(sometimes lateral), incomplete tabulae and variations
among them. Other wall elements with importance in
the taxonomy of Syringoporicae are columella, dissepi-
ments, connecting elements and diaphragms (Nelson 1962;
Tchudinova 1986; Young and Noble 1987).
MATERIAL
Carboniferous tabulate colonies of Syringoporicae were
collected from different stratigraphic sections and
outcrops from the Iberian Peninsula. Samples correspond
to four genera (Multithecopora, Syringopora, Roemeripora
and Sinopora) and seven different taxa (Multithecopora
sp. A, Multithecopora sp. C, Multithecopora sp. D, Mul-
tithecopora hontoriense, Roemeripora sp., Sinopora sp. and
Syringopora sp.). These samples were collected in two dif-
ferent zones of the Iberian Massif in Spain (Ossa-Morena
and Cantabrian Zones; Fig. 2). Those from the Ossa-
Morena Zone were collected in the Guadiato Area in
south-west Spain from two different units (Sierra del
Castillo and San Antonio – La Juliana units). The Mul-
tithecopora sp. A and Syringopora sp. samples are from
the Antolın section, and the Multithecopora sp. C. sam-
ples are from the El Collado section, belonging to Sierra
del Castillo Unit (Cordoba, Spain), and are of late Vis-
ean (early Brigantian) age. The Roemeripora sp. samples
are from the Fuenteobejuna section and belong to the
San Antonio – La Juliana Unit (Cordoba, Spain), which
is late Visean (early Brigantian) in age. Those samples
collected in the Cantabrian Zone, within the most north-
ern part of the Iberian Massif (Lotze 1945), belong to
three different units: Sobia-Bodon, Pisuerga-Carrion and
Picos de Europa Units. Multithecopora sp. D derived from
the Valdeteja – Las Majadas section (Valdeteja Formation,
Sobia-Bodon Unit, Leon, Spain) and are of mid-Bashkiri-
an – early Moscovian (Cheremshankian–Vereian) age. The
Multithecopora hontoriense samples are from the Playa de
la Huelga section (Cuera Limestones Formation, Picos de
Europa Unit, Asturias, Spain) which is late Moscovian
(Podolskian–Myachkovian) in age. The Sinopora sp.
samples are from the Celada de Roblecedo section
(Verga~no Formation, Pisuerga-Carrion Unit, Palencia,
F IG . 1 . Main characters used in
the taxonomy of the Syringoporicae.
Abbreviations: d, diameter of coral-
lite; l, lumen diameter; w, wall
thickness; 1–4, tabulae forms; 1,
convex; 2, concave; 3, irregular; 4,
infundibuliform; 5–6, connecting
structures; 5, tubuli or stolons; 6,
pores; 7–8, septal spines; 7, hol-
acanth spines; 8, monacanth spines.
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Spain) which is late Moscovian (Myachkovian) in
age. Further details about the localities and palaeobiology
of these taxa and samples are given in Coronado
and Rodrıguez (2014). All samples are reposited in the
Palaeontology Department of Complutense University
(Madrid, Spain) in the Author Collection Repository.
Corresponding catalogue numbers are summarized in
Table S1.
METHODS
Complete colonies and fragments were cut longitudinally
and transversely, and different slabs were prepared for the
application of specific techniques: petrographic micros-
copy, scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD). A detailed description of
these techniques can be found in Appendix S1.
The EBSD data were analysed using the software OIMTM
5.3 from EDAX-TSL. In this study, EBSD data are repre-
sented by crystallographic maps and pole figures, which
represent the stereographic projection of crystallographic
planes in reference to the {0001} calcite plane. MATLABTM
toolbox MTEX (Bachmann et al. 2011) was used to plot
the ODF (orientation density functions) of the EBSD maps.
The GrainsSet is a tool of MTEX that has been chosen to
determine grains differentiation, the analysis of misorienta-
tion, to plot the orientations of the single crystals and the
representation of the pole figures in the planes
f1010g; f0110g; f0001g; f1014g.
The area selected for analysis was adapted to each sam-
ple adjusting the map area to the structure or structures
studied in each case, including in some cases regions with
matrix or sparry cements in the lumen of corals. Syringo-
pora sp., Multithecopora sp. D and Multithecopora hontor-
iense were chosen to illustrate the relationship between
lamellae and fibres, the main crystallographic textures of
Syringoporicae, whereas Roemeripora sp. was selected to
study the crystallographic variation in corals with a ceri-
oid growth form. In addition, Multithecopora sp. A and
Multithecopora sp. C were chosen to study the crystallo-
graphic distribution and relationships between different
microstructural elements in different septal spines. Finally,
Sinopora sp. was selected to study the crystallographic
properties of the tabulae and their relations with the
other microstructural elements.
RESULTS
Microstructure in tabulate corals
Three principal kinds of calcite crystals are recognized in
the studied taxa: lamellae, fibres and granules. Regardless
of the morphology of the crystals, all the elements have
common crystallographic characteristics. Pole figures of
the f1010g planes show a strong maximum separated by
~60° in relation to the trigonal symmetry of calcite
(Fig. 3). The stereographic projection of poles, with refer-
ence to f1014g, shows three pole maxima in each crystal,
each pair separated by ~75°, which corresponds to the
angular distance between the faces ð104Þ; ð014Þ and ð114Þ.
The angular distance between the faces (001) and (104) is
~44° (Fig. 3). For simplification and better visualization,
these characteristics are based on a rhombohedral mor-
phology of the calcite crystal lattice for each microstruc-
tural element, although the overall configuration is
hexagonal. The c-axis orientation varies with respect to
the morphological axis between each crystallographic ele-
ment. Details of the dimensions of the microstructural
elements of the samples studied are summarized in
Table 1.
Lamellae and microlamellae (sensu Rodrıguez 1989) are
flat crystals (like scales or shields, Fig. 3), slightly curved
and in section show indentations to their edges and flake
forms. These structures have a great lateral development
in two dimensions; their length varies from 5 to 37 lm,
and their width fluctuates from 2 to 6 lm depending on
the taxon (Table 1). Crystals are imbricated in both the
vertical and horizontal directions, and their disposition is
always with the morphological axis in the growth direc-
tion. The convex part of the lamellae is always oriented
to the external part. The c-axis of these elements is
located quasi-perpendicular to the morphological axis.
F IG . 2 . Distribution of the main Carboniferous outcrops of
the Iberian Peninsula. Abbreviations: C.Z., Cantabrian Zone;
C.I.Z., Central Iberian Zone; G.T.M.Z., Galicia-Tras os Montes
Zone; O.M.Z., Ossa–Morena Zone; S.P.Z., South Portuguese
Zone; W.A.L.Z., Western Asturian–Leonese Zone. Modified from
Colmenero et al. (2002).
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AC
B
F IG . 3 . A, interpretations of the crystallography of a lamella showing transverse and longitudinal sections. Rhombohedron sketches
produced using WinXMorph (Kaminsky, 2007) from main reflections of a single lamella and fibre. B, main reflections of lamellae and
their distribution in the theoretical rhombohedra. C, transition from lamellae to fibres and the theoretical rhombohedra pointing to
the c-axis direction.
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Fibres are also common crystallographic elements that
form the microstructure of tabulate corals. They are elon-
gate crystals with irregular morphology, indentations to
their edges and an apex or tip at the end of the fibres
and, in some cases, also at the base. In some cases, they
are barrel-shaped or tabular, depending on their situation
in the skeleton, but they are never needle-shaped fibres,
as in scleractinian corals. Their length varies from 10 to
42 lm, and their width fluctuates from 1 to 8 lm
depending on the taxon (Table 1). The morphological
axis is consistently oriented towards the lumen, perpen-
dicular to the direction of growth, and the c-axis is paral-
lel to the morphological axis.
Granules are visible only in Roemeripora sp., the only
cerioid form studied, and are located in the median lam-
ina (dark lamina) between two corallites. The granules
are equidimensional crystals, with indentations to their
edges, flake morphologies and irregular distribution. They
form the median lamina, but its dark appearance is
related to the distribution and morphology of granules
and their degree of imbrication. Granules have irregular
sizes with lengths from 3 to 9 lm, and their width fluctu-
ates from 2 to 6 lm.
An inherent characteristic of Palaeozoic corals is the
gradual transition between crystallographic elements (e.g.
lamellae to fibres). This gradual transition has previously
been described by numerous authors (Semenoff-Tian-
Chansky 1974; Lafuste 1978, 1983; Rodrıguez 1989, Falces
and Rodrıguez 1999). These elements change their mor-
phology gradually (Figs 3, 4), independently of taxon and
order, as can be seen in the schematic representation of
microstructures in Figure 3; the EBSD data show that
they maintain the crystallographic orientation in the grad-
ual transition. Sometimes, a branch-off in the transit
point where two or more fibres are initiated can be seen,
but the preferred crystallographic orientation remains
constant (Fig. 4).
A single crystallographic texture
All the Syringoporicae studied in this work present a crys-
tallographic texture with common features. All the layers
of the microstructure of each taxon show a preferred
orientation of the crystals around the c-axis, which is
always quasi-perpendicular to the growth direction of the
TABLE 1 . Dimensions of microstructural elements of Syringoporicae from this study.
Taxa
Microstructure Dimensions L (lm) Dimensions F (lm) Dimensions G (lm)
L, F, G Observations Length Width Length Width Length Width
Multithecopora
sp. A
F–L–F Thin inner
fibrous
domains
x = 15 (9–22) x = 3 (2–4) x = 20 (16–32) x = 6 (3–8) – –
Multithecopora
sp. C
L–F Lamellar
and
inner
fibrous
domains
x = 20 (9–33) x = 3 (2–6) x = 21 (13–39) x = 4 (1–6) – –
Multithecopora
sp. D
L–F Thick inner
fibrous
domain
x = 21 (13–37) x = 4 (2–6) x = 29 (17–42) x = 4 (3–6) – –
Multithecopora
hontoriense
F–L–F–L–F Middle
fibrous
domain
sometimes
absent
x = 22 (5–35) x = 4 (2–5) x = 21(15–33) x = 4 (2–5) – –
Sinopora sp. F–L–F Thin inner
fibrous
domain
x = 16 (5–30) x = 3 (2–4) x = 19 (12–30) x = 3 (2–5) – –
Roemeripora
sp.
G–L–F External
granular
domain
x = 12 (8–15) x = 3 (2–4) x = 21 (10–38) x = 2 (1–3) x = 6 (3–9) x = 4 (2–6)
Syringopora
sp.
F–L External
fibrous
domain
x = 20 (9–27) x = 3 (2–4) x = 29 (50–17) x = 4 (3–6) – –
L, lamellae; F, fibres; G, granules.
116 PALAEONTOLOGY , VOLUME 58
skeleton, radial to the cylindrical section of the corallite
(Fig. 3). Phaceloid taxa (Syringopora sp., Multithecopora
sp. D, Multithecopora hontoriense and Sinopora sp.) have a
rotation around the c-axis of the crystals, as can be seen
in the pole figures of the plane f1014g (Fig. 5), and this
distribution has been defined as turbostratic development
(Checa et al. 2007). In the pole figure representing the
f1010g and f0110g planes, the colours show the orienta-
tions of crystals with similar c-axis orientation (Fig. 5B).
The variation of each colour is at ~15° around a curved
line (broad distribution, ~30°). This special development
can be explained by the rotation of the calcite crystals
along the a- and b-axes (~15°), maintaining the fixed
c-axis. Figure 5C shows the ODF representation of the
orientation of the phaceloid coral Sinopora sp. and
Multithecopora hontoriense and the rotation of the pole
maxima of the a- and b-axes around the c-axis, showing
a circular pattern with three pole maxima in each plane
belonging to (104) faces.
In contrast, in the cerioid taxon Roemeripora, turbost-
ratic development is not present on the plane f1014g or
other tautozonal planes. Pole figures of the plane f1014g
indicate that the calcite crystals are biaxially aligned
(Fig. 5C). Roemeripora shows a polygonal development
with a pseudohexagonal morphology (Fig. 5A). Each wall
in Roemeripora is shared with another polyp. These sub-
walls (six in total) show different crystallographic orienta-
tions, as is visible in the ultrathin sections and EBSD
maps (Figs 5, 6). The rotation of each polygonal wall of
Roemeripora is 60°; consequently, the crystals of the
microstructure turn each 30°. Figure 5C shows that clus-
ters of crystals of Roemeripora each turn ~30° in the plane
f1010g due to this arrangement. On the other hand, Mul-
tithecopora sp. A and Multithecopora sp. C show a partial
loss of their turbostratic distribution in the lamellae zones
between two areas very close to the septal spines
(Fig. 5C). The lamellae are strongly oriented, adapting to
the morphology of the septal spine that does not show
this kind of distribution. In the EBSD crystallographic
map, the lamellae can be observed as a wavy distribution
between the septal spines (Fig. 7G–H).
Misorientation can be used to describe the relative ori-
entation between two neighbouring grains (Frank and
Medalist 1988) and is measured as the number of degrees
required to bring these two grains into crystallographic
alignment on a common axis (Frank and Medalist 1988;
Rajan 2000; Dalbeck and Cusack 2006). Misorientation in
these corals has been analysed with the MTEX tool, which
measures the different crystallographic orientation
between two grains (crystals) which are in contact. In the
first place, it was necessary to establish the grains in the
EBSD crystallographic map, taking a threshold of 2° to
reduce the noise within each crystal. Subsequently, mis-
orientation histograms were generated to indicate the
main order of misorientation that each sample has
(Fig. S1). Several recurrent correlated and uncorrelated
misorientations are present in the samples of representa-
tives of the Syringoporicae (Fig. S1), and their variations
depend on each section of the coral. The most common
misorientation is less than 5°, with a mode of ~2.5°, in
both transverse and longitudinal sections. Where the sec-
tions are cut obliquely to the transverse section, bar
A B
C D
F IG . 4 . A–B, petrographic images
of ultrathin sections of two repre-
sentatives of the Syringoporicae
where the gradual transition from
lamellae to fibres is shown; A, Sino-
pora sp.; B, Syringopora sp. C–D,
SEM images showing the gradual
transition from lamellae to fibres; C,
Multithecopora hontoriense; D, Mul-
tithecopora sp., note the preservation
of lamellae between and around the
silicification process (Si) of the
external edge of the corallite.
CORONADO ET AL . : EBSD IMAGING OF SYR INGOPORICAE 117
diagrams exhibit a flat distribution of correlated and un-
correlated misorientation, the second most common
being ~15°. The next maxima of misorientation vary for
each taxon, the most common being ~24°, 33°, 40° and
60°. Uncorrelated misorientation patterns most similar
between longitudinal sections show a normal distribution
with a maximum around 50°–55°. Roemeripora exhibits a
bimodal distribution with two maxima, one at 15° and
the other at 65°, and the correlated misorientation is nor-
mal, with a maximum at 5°.
Structure of the wall elements (septal spines, tabulae and
shared walls)
Crystallographic orientation and properties of different
wall elements were analysed using EBSD. Different taxo-
nomic characters of the seven taxa studied, including the
wall elements, are summarized in Table S1.
Septal spines. The septal spines selected are acicular hol-
acanths present in Multithecopora sp. A (Fig. 7) and sub-
triangular monacanths in Multithecopora sp. C (Fig. 8).
The microstructure of holacanth spines is a trabecular
structure embedded in lamellar sclerenchyma. The trabec-
ular microstructure was described by Kato (1963) in
Rugosa septa, as divergent fibres that are bundled in a
series of cone-like invaginations. Holacanth septal spines
in Multithecopora sp. A are formed by irregular fibres,
divergent or lightly tilted, with respect to the axial plane
of the spine (morphological axis), that maintain the same
or similar orientation and form a cone-like structure.
These cones are stacked keeping the morphological axis
in the centre of spine (Fig. 7F, I). Three areas in the sep-
tal spine can be recognized by the crystallographic orien-
tation of their crystals: origin of the spine, core of the
spine and cone-like structures. The origin of the spine is
the first cone bundle, which is directly attached to the
lamellar sclerenchyma. In a few cases, holacanth spines,
projecting through the coral wall to the external edge,
develop an ‘egg-box-shaped’ structure (Fig. 9E), during
the adaptation of lamellae to the spine, as observed in
tangential sections. The crystals in the core of spine have
the c-axis oriented parallel to the morphological axis of
the spine, and coupled a- and b-axes are perpendicular.
In contrast, in the origin of the spine, the c-axis is tilted
at 40° with respect to the core of spine, and coupled a-
and b-axes are orientated almost perpendicular, in a more
broad distribution, due to the cone-like distribution of
the crystals. The tilted variations in c-axis have been mea-
sured in different crystals belonging to the cone-like
structures that form the septal spine. The maximum tilt
recorded is ~100° between the crystals, with a variation of
the c-axis orientations of ~5°, 18°, 25–30°, 40° and 55°,
A
D
B
C
F IG . 5 . A, schematic distribution of cerioid growth of Roemeripora sp. Each red line corresponds to a turn of 60°. B, pole figures of
different taxa (in normal direction view (ND) to the sample surface in a three axes reference system with indication of the reference
(RD) and transverse (TD) directions) indicating crystallographic orientation of calcite crystals with reference to the a-axis. a–c, taxa
that have a turbostratic distribution of their crystals; d–e, taxa that do not have a turbostratic distribution. C, ODF pole figures of dif-
ferent taxa with or without turbostratic distribution. D, schematic interpretation of turning a- and b-axes by 15° around c-axis in a
turbostratic distribution.
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similar to the misorientations recorded in the wall.
Lamellae surrounding septal spines are rotated and adapt
their morphology to the spines, covering the structure
with lamellae (Fig. 7G–I). The c-axis is orientated perpen-
dicular to the morphological axis of the spine. The septal
spines are very close to each other in Multithecopora sp.
A, so the lamellae have an undulating appearance.
Holacanth spines can be observed in ultrathin sections
of other taxa such as Roemeripora sp. (Fig. 6E–H),
Syringopora sp. (Fig. 9E–F), and in a few examples of
Sinopora sp. Interference colours in ultrathin sections of
Syringopora sp. and Roemeripora sp. show that crystals of
the cores of septal spines are oriented similarly to those
observed in Multithecopora sp. A by EBSD, except that in
Syringopora sp. the spines are not too close together and
the wall lamellae exhibit an irregular turbostratic distribu-
tion (Fig. 10). In Roemeripora sp., the spines are very
close and the turbostratic distribution is not present
(Fig. 5).
Subtriangular monacanth septal spines, not strongly
developed, appear in Multithecopora sp. C (Fig. 8) and
show a more simple structure than that of holacanth
A
E F
G H
B
DC
F IG . 6 . A–D, SEM images of
Roemeripora sp.; A, general view of
cerioid growth of colony; B, contact
point between three corallites, M.L.
is the median lamina; C, detail of
median lamina (M.L.) between two
corallites; note the transition
between the lamellae and granules;
D, detail of the lamellae that form
the coral wall. E–H, petrographic
images of ultrathin sections of
Roemeripora sp.; E, note the median
lamina and the subpolygonal mor-
phology of corallites; F, detail of
holacanth septal spines (S) of
Roemeripora sp., note the wavy dis-
tribution of lamellae between spines;
G, detail of contact between two
corallites, note the difference
between interference colours, indi-
cating different orientation of the
c-axes; H, contact between two cor-
allites, note the alignment of septal
spines in both corals.
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AD
G H
e.
E
F
I
B C
F IG . 7 . A–C, skeleton of Multithecopora sp. A and location of the EBSD maps (white rectangles); A, longitudinal section; B, detail of
holacanth septal spine; C, transverse section. D–E, EBSD images showing crystallography of holacanth septal spine shown in A and B;
D, index intensity map, showing the structure of the spine formed by fibres and the surrounding micrite; E, crystallographic orienta-
tion map, showing the main crystallographic orientations in the fibrous cone-like regions of the septal spine; note the colours of differ-
ent cone-like structures that form the spine. F, 3D interpretative sketch of a septal spine and the theoretical rhombohedron pointing
to its growth direction. G–H, EBSD images showing crystallography of core septal spine and surrounding lamellar domain; G, index
intensity map, showing a detail of the structure of the core of a septal spine, the morphology of the crystals and their crystallographic
correlation; H, crystallographic orientation map; note the wavy surrounding lamellae and the different orientation of the core of the
septal spine. I, pole figures (in normal direction view (ND) to the sample surface in a three axes reference system) indicating the crys-
tallographic orientation of calcite crystals with reference to the c-axes; and crystallographic key indicating colour coding of crystallo-
graphic axes; a–b, septal spine shown in D–E, red colour (bottom left of key) specifies the core and green (bottom right) the fibres of
the cone-like tip; c–d, orientation distribution of septal spine core shown in G–H; d, detail of core of spine; e, 3D interpretative sketch
of a septal spine over an orientation image showing the distribution of cone-like and wavy lamellae adapting to the development of
spine. Scale bars represent 2 mm (A); 1 mm (B–C); 50 lm (D–E); and 100 lm (G–H).
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spines. The septal spine is a spindle-shaped structure
composed of bundles of fibres that diverge slightly. In the
case of Multithecopora sp. C, the inner fibrous domain
surrounds the spine; deeper in the wall, the spines are
surrounded by lamellae (Fig. 8B). The origin of the spine
is composed of fibres that are produced initially as a
package of lamellae, which was folded in an inflexion
zone and turned to the direction of the fibres (Fig. 8B,
D). This feature is reminiscent of that of holacanth
spines, but with a short development not leading to the
formation of cone-like structures. Although the core of
the septal spine has a preferred orientation, parallel to the
morphological axis of the spine, lateral crystals are open,
surrounding the core because these fibres belong to the
inner fibre domain. In all cases, the c-axis is parallel to
the morphological axis of the spine. The misorientation
of crystals inside the spine is mainly less than 30°, being
~5° in the first order, and ~15°, 20° and 25° in subse-
quent orders. In the case of Multithecopora sp. C, the sep-
tal spines are less common and they do not have a
turbostratic distribution in the lamellae of the wall
(Fig. 5C).
Tabulae. Tabulae are the other main wall element in
Syringoporicae. A longitudinal section of Sinopora sp. was
analysed at the peripheral origin of a tabula by EBSD.
A B
C D
F IG . 8 . Multithecopora sp. C. A, transverse section of the skeleton and location of the EBSD maps (white rectangle). B, D, EBSD
images showing crystallography of a monacanth septal spine; B, index intensity map, showing the structure of the spine formed by
fibres and the surrounding sparry calcite; note the black points of dissolution, a product of diagenesis; D, crystallographic orientation
map, showing the main crystallographic orientations in the development of a septal spine; note the different colours of fibres that form
the spine and the gradual transition between the lamellae of wall and the fibres of the spine, and the transition between the fibres of
the inner domain and the fibres of septal spine. White arrow points to some crystals that show an alteration pattern, with different ori-
entation. C, pole figure (in normal direction view (ND) to the sample surface in a three axes reference system with indication of the
reference (RD) and transverse (TD) directions) indicating the crystallographic orientation of calcite crystals with reference to the c-axis;
and a crystallographic key indicating colour coding of crystallographic axes; note that the orientation of the septal spine is similar to
the orientation of the lamellae of wall, and the points with random orientations correspond to sparry calcite crystals. Scale bars repre-
sent 1 mm (A) and 50 lm (B, D).
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Figure 11 shows the peripheral origin on a microlamellae
wall, and several crystallographic domains can be
observed. A main microlamellae domain, with a morpho-
logical axis tilted obliquely to the growth direction, with
a pole maxima in the {0001} plane completely inclined,
is characteristic of transverse sections. Microlamellae show
the c-axis directed towards the peripheral origin of tabula
and turbostratic distribution (Fig. 5C). Gradually, crystals
change their orientation, folding and turning to lamellae
laterally, in a gradual change from lamellae of the wall to
lamellae of the tabula, generating a new domain. Also,
irregular sections of microlamellae are observed, wider
than longer with the c-axis oriented towards the lumen,
but downward in this section. The lamellae of the tabula,
similar to lamellae on a transverse section of the coral
wall, display a unique pole maximum on the {0001}
plane. A perpendicular section should reflect the orienta-
tion of the lamellae, as in a longitudinal section, with the
c-axis oriented perpendicular to orientation of tabulae.
Probably, these changes in the c-axis position are due to
changes in the position of the basal ectoderm that gener-
ated the lamellae. The lamellae of tabulae also have a tur-
bostratic distribution, and their misorientations are
similar to those of the wall, with modes around 5°, ~22°,
~5°, ~45° and ~60°, and they are tilted ~90° relative to
microlamellae of the coral wall.
SEM observations have allowed visualization of the pro-
cesses by which the tabulae intersected septal spines. In Fig-
ure 9, a holacanth spine of Syringopora sp. can be observed
cutting two tabulae (Fig. 9B). At the point of contact, the
lamellae change their orientation folding the crystal and
surrounding the spine, as occurs in the wall where the
lamellae are covering the spines. This process, as in Mul-
tithecopora sp. A, leads to an alignment of the c-axis
between the lamellae and fibres, which indicates that both
elements nucleated at the same time. Ultrathin sections in
a longitudinal transect of Syringopora sp. (Fig. 9E–F) show
that the tabulae can bifurcate. In this process, the crystals
experience a branch-off at the inflexion point, in which
there is a cluster of crystals that have the same crystallo-
graphic orientation, as shown by the interference colours
under crossed polarizers. The new tabula shows a different
A B
C D
E F
F IG . 9 . A–B, SEM images of
Syringopora sp.; A, transverse section,
showing the inner structure of the
tabularium; B, detail of a holacanth
septal spine; note that two tabulae
are cut by the spine, and the rotation
of lamellae in the tabulae adapting to
the morphological and crystallo-
graphic axis of fibres of the septal
spine. C–D, SEM images of Multith-
ecopora sp. C showing the contact of
a coral wall and a tabula; C, note the
contact zone of the inner fibrous
domain and the lamellae of the tabu-
lae at two points; D, detail of the
contact area between the inner
fibrous domains and the lamellae of
the tabulae; note the fast rotation of
lamellae that are adapting to the
crystallographic axis between both
elements. E–F, petrographic images
of ultrathin sections of Syringopora
sp.; E, detail of a tabula (arrow)
which reaches the coral wall; note the
tangential section of the coral and
the ‘egg-box’ structure formed by the
surrounding lamellae around the
septal spines; the septal spines are
anchored to the external edge of the
coral wall; F, detail of the initiation
of a tabula and the bifurcation of
another; note the difference between
the interference colours showing a
new crystallographic orientation.
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crystallographic orientation, with respect to the parent
tabula with dissimilar interference colours. Figure 9C–D
shows a transverse section of Multithecopora sp. C, in
which there are two points where a tabula is attached to
the inner fibrous domain. At these points, the lamellae
cover the fibres in the contact zone. The c-axis in the lamel-
lae is perpendicular to the morphological axis and parallel
to the fibres. Therefore, in these regions where the fibres
and lamellae are merged in tabulae, both elements keep the
same orientation. Subsequently, the lamellae change the
direction of morphological axis towards the tabula during
development.
A
B C
D E
F
G
H
F IG . 10 . Syringopora sp. A, two
longitudinal sections of the skeleton
and the location of the EBSD maps
(white rectangles). B–C, EBSD
images showing crystallography of
the coral wall in a longitudinal sec-
tion of a corallite; B, index intensity
map, showing the structure of tran-
sition between lamellar and fibrous
inner domains of the coral wall; C,
crystallographic orientation map,
showing the main crystallographic
orientations of lamellae of the coral
wall; note the gradual transition
between fibres and lamellae. D–E,
EBSD images showing crystallogra-
phy of large scale of lamellae in the
coral wall; note the nondiffraction
in the contact of crystals and the
co-orientation between some of
them; D, index intensity map; E,
crystallographic orientation map. F–
G, EBSD images showing crystallog-
raphy of a lamellar domain where
dissolution by diagenesis is evident;
F, index intensity map; G, crystallo-
graphic orientation map. H, pole
figures (in normal direction view
(ND) to the sample surface in a
three axes reference system with
indication of the reference (RD)
and transverse (TD) directions)
indicating crystallographic orienta-
tion of calcite crystals with reference
to the c-axis; and crystallographic
key indicating colour coding of
crystallographic axes; a, orientations
of lamellae of coral wall in D–E; b,
orientation distribution of B–C; c,
orientation distribution of F–G;
note the random orientations of
crystals in the diagenetic alteration
zone inside of the pores. Scale bars
represent 2 mm (A); 50 lm (B–C);
20 lm (D–E); and 25 lm (F–G).
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Shared walls. The last wall element to be analysed was
the shared walls in massive corals (cerioid or pseudoceri-
oid corals), but this element is not a wall element sensu
stricto. There are numerous articles that refer to it as the
median lamina or dark lamina (Nicholson 1879; Plusquel-
lec 1976; Plusquellec and Tchudinova 1977; Lafuste et al.
1992). This is a lamina of granules situated between the
walls of two corallites in a massive colony; its origin is
unknown. It was studied on a transverse section of
Roemeripora sp. (Fig. 12). The EBSD map shows different
regions that make up the shared wall of two corallites
(Fig. 12E–F). An upper region can be recognized, formed
by a microlamellae sclerenchyma, which shows mainly
orientations in rows, arising from an irregular granular
middle zone (median lamina). In the lower part, there is
a microlamellae region more heterogeneous in crystallo-
graphic orientations. The upper microlamellae region has
the c-axis oriented transversely with direction towards the
lumen and the microlamellae and rows with orientation
relative to fibres. The lower microlamellae region has an
orientation oblique to the c-axis, opposite to the upper
region (Fig. 12G), with direction of c-axis to the external
wall. The c-axis is misoriented 40° between both walls.
The middle region has the c-axis almost perpendicular to
the growth direction. In the plane f1010g, six cluster of
orientations are observed, each at 15°. The distribution of
the orientations in the f1014g; f0118g and f1018g planes
shows preferred orientations in the three main pole max-
ima of the calcite, but not a turbostratic distribution
(Fig. 5). The misorientation differs between the different
zones (Fig. S1). In the lower microlamellae zones, the
misorientation is ~5°, 15°, 25° and 55°, whereas in the
upper region it is ~5°, 13°, 15°, 25° and 40°, and finally,
within the median lamina, it is ~5°, 13°,16°, 20°, 25°,
35°, 65° and 75°. Ultrathin section and SEM images of
Roemeripora sp. colonies show that the median lamina
has an undulose trajectory, occasionally incomplete, prob-
ably formed by the development of connecting pores
between two corallites (Fig. 6). Ultrathin sections show
that the divergence between the orientations is also recog-
nized by the interference colour and the difference
between the three zones is stronger (upper, lower and
median lamina; Fig. 6E–H). These features seem to indi-
cate that the median lamina was developed by the two
corallites at the same time, sharing the biocrystallization
process at this location.
DISCUSSION AND CONCLUSIONS
Growth patterns
Syringoporicae have an open calyx at the distal point of
each corallite (Fig. 11 and Fig. S2), which does not exhi-
bit the same thickness as the rest of the coral wall. This
aperture suggests a noncontinuous growth mode at both
edges of the wall (inner and external). The cylindrical
corallites terminate in an open space where the polyp
lived. This part can be closed at the bottom by a basal
tabula, of any morphology, where the polyp was sup-
ported, or even septal spines surrounding the calyx. The
wall is characterized by having a wedge-shaped ending
opening to the outside. The continuous transition
between domains (lamellae to fibres, where it exists) and
between different crystals suggests that the nucleation of
crystals could be accomplished by the same epithelial
cells, without a distinction between layers. The epithelium
would have surrounded the inner edge of the calyx, and
the highest and lowest points of the wall would have been
formed at the same time in the calyx (Fig. S2). This
structure indicates that the growth direction is divided
into two main components, a horizontal growth direction
towards the lumen and a vertical direction towards the
outside (Fig. S2). In the case of cerioid or pseudocerioid
corals, such as Roemeripora sp., the granules of the med-
ian lamina begin to form before the lamellae in both cor-
F IG . 11 . Sinopora sp. A, longitudinal section of the skeleton and location of the EBSD maps (white rectangles); note the open calyx
at the end of the colony. B–C, EBSD images showing crystallography of the coral wall in transverse section of a corallite; B, index
intensity map, showing the lamellar tissue of the coral wall; C, crystallographic orientation map, showing the main crystallographic
orientations of the coral wall. D–E, EBSD images showing crystallography of the peripheral origin of tabulae; D, index intensity map,
showing the lamellar structure of the coral wall and the progressive change of microcrystalline texture of the peripheral origin of
tabulae; E, crystallographic orientation map, showing the main crystallographic orientations in the peripheral origin of tabula; note the
colours of different regions adapting the orientation to the tabula. F–G, EBSD image showing crystallography of the inner zone of the
same tabula; F, index intensity map, showing the irregular lamellar structure of the beginning of the tabula; G, crystallographic orienta-
tion map, showing the main crystallographic orientations of the lamellae of tabulae. H, 3D interpretative sketch of the peripheral
origin of tabula in a coral wall; note the theoretical rhombohedra and their rotation at the different points analysed by EBSD in
Sinopora sp. I, pole figures (in normal direction view (ND) to the sample surface in a three axes reference system with indication of
the reference (RD) and transverse (TD) directions) indicating the crystallographic orientation of calcite crystals with reference to the
c-axes, and crystallographic key indicating the colour coding of crystallographic axes; a, orientations of lamellae of coral wall in B–C;
b, orientation distribution of D–E; note the rotation of orientations from coral wall to the tabula; c, detail of orientation of c-axis of
tabula. Scale bars represent 1 mm (A), 70 lm (B–E) and 25 lm (F–G).
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allites, because they share preferred crystallographic orien-
tations.
EBSD maps (Figs 7, 8, 10–13) and ultrathin sections
(Figs 4, 6) indicate that some crystals, both in lamellae
and fibres of the seven taxa analysed in this study, have
similar orientation (co-orientation) and usually form a
package of crystals with a stepped pattern of growth and
a main misorientation among crystals of less than 5°. This
A B
C D
E
G
F
F IG . 12 . A–B, Two transverse sections of the skeleton of Roemeripora sp. and location of the EBSD maps (white rectangles). C–D,
EBSD images showing crystallography of the inflexion point in the coral wall; C, index intensity map, showing the structure of the
transition between the lamellar and fibrous inner domains of the coral wall; D, crystallographic orientation map; note the gradual tran-
sition between fibres and lamellae in the same side of the corallite. E–F, EBSD images showing crystallography of a shared wall in
Roemeripora sp.; note the median line between two corallites and the lamellar domain of the upper region, which is reminiscent of
fibres; E, index intensity map; F, crystallographic orientation map; b and c correspond to the pole figures shown in G. G, pole figures
(in normal direction view (ND) to the sample surface in a three axes reference system with indication of the reference (RD) and trans-
verse (TD) directions) indicating crystallographic orientation of calcite crystals with reference to the c-axis and crystallographic key
indicating colour coding of crystallographic axes; a, orientations of fibres and lamellae of the coral wall in C–D; note the rotation of
~60° between the crystallographic elements on both sides of the polygonal corallite; b, orientation distribution of lamellae of upper
region of E–F; note the longitudinal disposition of lamellae (blue dots) versus the median lamina; c, orientation distribution of lamel-
lae of the lower region on the other side of the shared wall; note that these crystals are disposed in a quasi-vertical fashion. Scale bars
represent 1 mm (A–B); 45 lm (C–D); and 70 lm (E–F).
126 PALAEONTOLOGY , VOLUME 58
package of co-oriented crystals is cut by another package
of crystals that have a different co-orientation, but in the
coral wall appear laterally as crystals with the same orien-
tation. In the contact zone between crystals, there is a
region in the EBSD maps with no diffraction, which indi-
cates another mineral phase different to calcite, or a non-
crystalline phase. These nondiffracting areas in EBSD
have been interpreted as corresponding to the organic
matrix, because the organic template between the crystals
is usually closed in recent carbonate skeletons (Checa
et al. 2006; Goetz et al. 2009, 2011; Perez-Huerta et al.
2011). Ultrathin sections show a black cortex around
some crystals and occasionally black spots inside the crys-
tals (both isotropic). SEM images show that after acid
etching, the shape and contour of the crystals can be
observed, reflecting deeper lines around the crystals and
dissolution gulfs inside them. These facets point to the
existence of organic matter remaining in the walls of the
Syringoporicae. This was described by Lafuste and Tour-
neur (1991) in other tabulate corals and has been sug-
gested for Multithecopora hontoriense (Coronado et al.
2013).
An additional point of consideration is the growth of
lamellae and fibres in both sections with different sizes
and outlines, as summarized in Table 1. The direction of
the c-axis is maintained during growth, and differences
are observed along the a- and b-axes, which are rotated.
If the packages of crystals conserve the same preferred
crystallographic orientation, and the different sizes and
outlines of crystals, it could be suggested that both lamel-
lae and fibres could be involved in competitive growth,
being limited by the size of contact with other crystals or
packages (Rodrıguez-Navarro and Garcıa-Ruız 2000;
Dalbeck and Cusack 2006; Schmahl 2010). Different
mathematical algorithms have been developed for describ-
ing this growth, but applying them to microstructures of
fossil cnidarians is difficult, due to the problems of estab-
lishing a base line in the growth of the crystals in a
stepped pattern mode of development.
Biogenic origin of microstructures in Syringoporicae
There is a long-standing controversy about the origin,
biogenic or diagenetic, of structural elements in Palaeo-
zoic corals, even regarding the presence of the original
mineral phase (Kato 1963; Sorauf 1971, 1978, 1983; Oe-
kentorp 1984, 2001; Lafuste and Plusquellec 1985;
Rodrıguez 1989; Falces 1997). In this study, seven taxa of
Palaeozoic tabulate corals show a common calcitic bio-
crystallization process based on crystallographic observa-
tions, highlighting the biogenic origin of these
microstructures, as previously indicated by Coronado
et al. (2013). The microstructure of Syringoporicae can
be formed by lamellae, fibres, granules or by a combina-
tion of these. The transition or change between the differ-
ent morphological elements is gradual, as was indicated
previously by Lafuste (1978, 1983), and the c-axis is
always oriented parallel to the growth of lamellae and
fibres, as was observed in the petrographic microscopy
study of Fischer and Lafuste (1972), suggesting a growth
model without a specific layer of epicellular tissue. All the
taxa studied here have a common biocrystallization pro-
cess resulting in a shared misorientation pattern. This
pattern is only altered when the wall elements modify the
position of crystalline elements. Similar to other organ-
isms secreting calcium carbonate biominerals, the most
common misorientation is less than 5° (Dalbeck and Cu-
sack 2006), which suggests a common strategy of nucle-
ation for these elements.
Wall elements have also a common misorientation, and
even where they have a different structure, reflecting a
common strategy of growth, as, for example, in the tabu-
lae or septal spines. These properties confirm a biogenic
origin of these elements and microstructures, but also a
common genetic inheritance. The difference in the build-
ing of these elements and their position in the wall prob-
ably were conditioned by the protean nature of the
organic matrix in these regions, which exerted a stronger
control in the crystallization of these elements. Some ori-
entations of wall elements and crystals are highlighted
against the main organization of the skeleton. Interest-
ingly, the holacanth spines show a turn in a- and b-axes
at their base and sometimes, starting at the beginning of
the wall (external part). This character could have a phys-
iological explanation, due, perhaps, to the septal spines
clamping to the polyp or by their retractable movement
under high turbulence currents. On the other hand,
tabulae have a disposition of c-axis perpendicular to the
growth direction. Originally, Tchudinova (1986) estab-
lished that the microstructure of tabulae in the Syringo-
poricae was fibrous, but EBSD data reveal that it is in
fact lamellar. The disposition of the tabulae probably sup-
ported the polyp in the vertical direction, and the c-axis
of tabulae is oriented perpendicular to the growth direc-
tion.
As in other calcitic groups of organisms, the orientations
and relationships between crystallographic elements of the
skeletons of Syringoporicae show a distribution and misori-
entation that would prevent skeleton fracture by cleavage.
Calcite crystals are easily cleaved on their f1014g planes
(Schmahl et al. 2004). The skeletons of the Syringoporicae
have the c-axis oriented perpendicular to the growth direc-
tion, protecting the skeleton from lateral currents of sea-
water. Turbostratic distribution, which is a rotation of
a- and b-axes around the c-axis, could be a strategy to pre-
vent cleavage in Syringoporicae, and it would represent an
evolutionary advantage for this coral group that inhabited
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different marine environments during the Palaeozoic. Tur-
bostratic distribution has been detected in other inverte-
brates, for example, in the foliated calcite of bivalves
(Pecten maximus; Checa et al. 2007), and it could be a com-
mon biomineralization strategy to prevent fracture by
cleavage. This misorientation pattern has also been
A B
C D
E
G
F
F IG . 13 . A, transverse and, B, lon-
gitudinal sections of the skeleton of
Multithecopora sp. D and location of
the EBSD maps (white rectangles).
C–D, EBSD images showing crystal-
lography of a coral wall in a trans-
verse section of a corallite. C, index
intensity map, showing the structure
of transition from lamellar to
fibrous domains of a coral wall; D,
crystallographic orientation map,
showing the main crystallographic
orientations of lamellae of the coral
wall. E–F, EBSD images of small
scale of transition between lamellae
of the external domain and fibres of
the inner domain; E, index intensity
map, showing the fibrous structure
of a coral cut by a microfracture;
note the dark coloration of the mi-
crofracture and the porosity (black
spots) associated with this event; F,
crystallographic orientation map,
showing the main crystallographic
orientations in the transition
between domains; note the different
colours of crystals of the microfrac-
ture. G, pole figures (in normal
direction view (ND) to the sample
surface in a three axes reference sys-
tem with indication of the reference
(RD) and transverse (TD) direc-
tions) indicating the crystallographic
orientation of calcite crystals with
reference to the c-axes; and a crys-
tallographic key indicating colour
coding of crystallographic axes.; a,
orientations of lamellae of a coral
wall in C–D; b, orientation distribu-
tion of E–F; note the random orien-
tations of crystals in the diagenetic
alteration zone. Scale bars represent
1 mm (A); 2 mm (B); 50 lm (C–
D); and 100 lm (E–F).
128 PALAEONTOLOGY , VOLUME 58
observed in the outer prismatic layer of Mytilus edulis (Dal-
beck and Cusack 2006). Both Pecten maximus and Mytilus
edulis live in circumlittoral regions where their shells are
subject to changes in the energy of tides and waves. This
fact might explain that this crystallographic distribution
could be an advantage for the Syringoporicae. As explained
before, the modification of the growth of skeletons by wall
elements could modify biocrystallization processes at a
family level. An example of this is the massive skeleton of
Roemeripora sp. that does not show a turbostratic crystallo-
graphic distribution. Instead, the morphology of corallites
(pseudohexagonal shaped or honeycomb shaped) seems to
have a macroscale strategy to avoid fracture by cleavage,
because the orientation of the c-axis in a wall of a corallite
is the same and without inner rotation as occurs in phac-
eloid corals. The c-axis is rotated ~60° with respect to the
centre of polyp in each wall (Fig. 6A). The disposition of
the c-axis in shared walls of Roemeripora sp. shows that it is
misorientated 40° between the two walls. This arrangement
could protect the skeletons against fractures, developing
the colony as a single organism to deal with strong marine
currents.
Coordinated stepping growth mode and mineral bridges
Cuif et al. (2012) reviewed the calcium carbonate skeleto-
genesis of different organisms showing that the growth
patterns of molluscs and Recent corals converge. They
observed that these organisms have a coordinated step
growth that begins with the secretion of an organic gel
layer, where the insoluble organic matrix acts as a site of
crystallization. As a consequence of this process, mineral
phases show a specific reticulate pattern, formed by
strongly packed and fused units built by superposition of
mineralized layers, basically continuous between neigh-
bouring units, with an irregular organic-rich coating
around them.
Results herein point to a mode of growth of the Sy-
ringoporicae convergent with and equivalent to other
mineralizing organisms secreting calcium carbonate. The
formation of lamellae and fibres could be mediated by an
organic layer that controlled the beginning and end of
growth of crystal units. The evidence for an organic
matrix, at both the nanoscale and microscale, was sug-
gested by Coronado et al. (2013) and is further supported
by EBSD data in this study. The organization of co-ori-
ented crystals in packages and the distribution of different
packages in the three dimensions of space support this
coordinated step growth model. All observations indicate
that crystals with the same orientation (or package) were
nucleated in contact with another, maintaining the pre-
ferred crystallographic orientations during the process of
growth. This could indicate that the crystals grew by het-
eroepitaxy, as previously suggested for the formation of
aragonite nacre (Weiner and Traub 1980, 1981), although
recent studies have shown that the nacre growth is pro-
duced by mineral bridges (Checa et al. 2011). The min-
eral bridge hypothesis was developed by Wada (1972)
through a model of connections between tablets in bival-
ves across the interlamellar membranes. Previous studies
using different techniques in molluscs showed that nacre
tablets are stacked along a single column illustrating that
they are co-oriented (Dimasi and Sarikaya 2004; Dalbeck
and Cusack 2006; England et al. 2007; Checa et al. 2011).
From these studies, two different facts emerge about what
is required to establish the presence of a mineral bridge
(Checa et al. 2011): (1) crystals in direct continuity
should be co-orientated; and (2) there must be an inter-
crystalline membrane at the contact between crystals.
Lamella and fibre packages, as described in this study,
show that the crystals are co-orientated and that there
can be a discontinuous intercrystalline organic membrane.
Inside the packages, the crystallographic orientation is
continuous across the lamellae and fibres, which suggests
that the crystals of each package could have nucleated by
the mechanism of mineral bridges. The packages in repre-
sentatives of Syringoporicae have an irregular or dendritic
growth that differs from the regular growth of nacre in
columns or rows.
The variability in the shapes and sizes of crystals, and
the gradual transition from lamellae to fibres in represen-
tatives of the Syringoporicae, suggest that the proteins
responsible for growth exerted a control different to that
in molluscs and brachiopods, in which there can be dif-
ferent organic components between the layers (Checa
et al. 2006; England et al. 2007; Goetz et al. 2009, 2011).
Nucleation in representatives of the Syringoporicae
should take part, as a hierarchical response, within the
template of organic matter secreted by the ectodermal
layer, in which, at a nanoscale level, the nano-units were
nucleated with an orientation towards the c-axis, forming
a biocomposite (Coronado et al. 2013). The biocomposite
forms a microcrystal, and other co-oriented microcrystals
are formed during nucleation, by a mechanism similar to
mineral bridges, creating a package. Each microcrystal
and package seems to have grown in a competitive
growth mode with other crystals, due to the variability of
sizes and morphologies.
Future research will compare these observations with
older syringoporoids and other groups of tabulate and
rugose corals.
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